The lactose permease of Escherichia coli (LacY) is a highly dynamic membrane transport protein, while the Cys154→Gly mutant is crippled conformationally. The mutant binds sugar with high affinity, but catalyzes very little translocation across the membrane. In order to further investigate the defect in the mutant, fluorescent maleimides were used to examine the accessibility/reactivity of single-Cys LacY in right-side-out membrane vesicles. As shown previously, sugar binding induces an increase in reactivity of single-Cys replacements in the tightly packed periplasmic domain of wildtype LacY, while decreased reactivity is observed on the cytoplasmic side. Thus, the predominant population of wild-type LacY in the membrane is in an inward-facing conformation in the absence of sugar, sugar binding induces opening of a hydrophilic pathway on the periplasmic side, and the sugar-binding site is alternatively accessible to either side of the membrane. In striking contrast, the accessibility/reactivity of periplasmic Cys replacements in the Cys154→Gly background is very high in the absence of sugar, and sugar binding has little or no effect. The observations indicate that an open hydrophilic pathway is present on the periplasmic side of the Cys154→Gly mutant and that this pathway is unaffected by ligand binding, a conclusion consistent with findings obtained from single-molecule fluorescence and double electron-electron resonance.
Introduction
The lactose permease of Escherichia coli (LacY), a member of the major facilitator superfamily of membrane transport proteins, couples the stoichiometric translocation of a galactoside and an H + . 1, 2 As such, LacY utilizes free energy stored in an electrochemical H + gradient (Δμ̄H+) to drive accumulation of galactosidic sugars against a concentration gradient. Conversely, in the absence of Δμ̄H+, LacYutilizes free energy released from downhill translocation of galactosides to drive uphill translocation of H + with generation of Δμ̄H+, the polarity of which depends on the direction of the sugar gradient.
LacY has been solubilized, purified and reconstituted into proteoliopsomes in a fully functional state. 3 X-ray crystal structures of LacY with a native Cys at position 154 replaced with Gly (Cys154→Gly, C154G), which is conformationally restricted, [4] [5] [6] [7] [8] [9] has been solved in an inwardfacing conformation, 10, 11 and wild-type LacY has the same global fold. [12] [13] [14] The proteins contain 12 transmembrane helices organized into two pseudo-symmetrical six α-helix bundles surrounding a large interior hydrophilic cavity open to the cytoplasm, which represents the inward-facing conformation. The sugar-binding site and the residues involved in H + translocation are near the apex of the cavity at the approximate middle of the molecule and distributed such that the side chains important for sugar recognition are in the N-terminal helix bundle, while most of the side chains important for H + translocation are in the C-terminal bundle.
Wild-type LacY is highly dynamic, and ligand binding induces widespread conformational changes. 1, 2, 7, 15, 16 In contrast, although C154G LacY binds ligand with relatively high affinity, the mutant is conformationally constrained and catalyzes very little sugar translocation across the membrane. [4] [5] [6] [7] 17 Isothermal titration calorimetry demonstrates that substrate binding to wild-type LacY is largely entropic, while sugar binding to C154G LacY is exclusively enthalpic. 7 Thus, wild-type LacY behaves if there are multiple ligand-bound conformational states, while the C154G mutant is severely restricted. Distance measurements by both singlemolecule fluorescence resonance energy transfer, 8 and double electron-electron resonance data 9 indicate that sugar binding induces closing of the cytoplasmic cavity with opening of a hydrophilic cleft on the periplasmic side of wild-type LacY. Remarkably, although sugar binding in the C154G mutant induces closing of the cytoplasmic cavity, the periplasmic cleft appears to be paralyzed in an open state and insensitive to sugar binding. 9 In view the dramatic biophysical differences observed between the wild-type and C154G LacY, it is surprising that the X-ray crystal structures exhibit the same global fold, which raises the question of whether both crystal structures accurately reflect the structure of the proteins in the membrane.
In this study, we used site-directed alkylation with hydrophobic or hydrophilic fluorescent maleimides to examine accessibility/reactivity of strategically placed single-Cys replacements. 14, 18 The experiments are carried out with right-side-out (RSO) membrane vesicles containing a single mutant in LacY background devoid of the native eight Cys residues with Cys154 replaced by Val (C154V; pseudo wild-type). 19 The effect of the C154G mutation is examined by using the same strategy with single-Cys mutants in which Cys154 is replaced with Gly (the C154G mutant). As shown earlier, 18, 20 binding of β-D-galactopyranosyl-1-thio-β-Dgalactopyranoside (TDG) increases reactivity of single-Cys replacements in wild-type LacY on the periplasmic side of the sugar-binding site and decreases reactivity of those on the cytoplasmic side. In stark contrast, although TDG binding decreases labeling of single-Cys replacements on the cytoplasmic side of the C154G mutant, single-Cys replacements on the periplasmic side are highly reactive in the absence of sugar, and TDG binding has no significant effect on reactivity/accessibility. When considered with other completely independent lines of experimental support, 8, 9, 18, 21 it seems conclusive that sugar binding induces opening of a hydrophilic cleft on the periplasmic side of wild-type LacY, while introduction of the C154G mutation results in a conformation in which the periplasmic cleft is open abnormally and does not respond to sugar binding.
Results

TMRM labeling of single-Cys LacY
TMRM (Fig. 1a, Table 1 ) labeling of 19 single-Cys replacements in the C154V (pseudo wildtype) or C154G (mutant) background was carried out at 0 °C for 30 min in the absence or in the presence of TDG (Fig. 2a) . In the pseudo wild-type background, Q60C, G64C and S67C (helix II) on the cytoplasmic side of the sugar-binding site exhibit decreased TMRM labeling in the presence of TDG at 30 min. With C154V/A279C (helix VIII), C154V/L329C and C154V/V331C (helix X) LacY, labeling at 0 °C for only 20 s is needed to reveal a decrease in activity upon TDG binding; otherwise the effect is obscured by saturation of the signal (Fig.  2b) . In the C154G background, each single-Cys exhibits a marked decrease in labeling in the presence of TDG at 0 °C at either 30 min or 20 s (Fig. 2) .
On the periplasmic side, TDG clearly increases TMRM labeling in incubation for 30 min at 0°C
with the following single-Cys replacements in pseudo wild-type LacY: F27C, F30C and P31C (helix I); T45C (helix II); N245C, F246C and T248C (helix VII); T265C (helix VIII) (Fig. 2a) .With F49C, D44C, K42C, Q242C and Q241C, although little effect of TDG is observed at 30 min, labeling for 20 s reveals increased reactivity/accessibility in the presence of the lactose homologue. In marked contrast, in the C154G background, TMRM strongly labels each single-Cys in the absence of TDG, and addition of the sugar has little or no effect (Fig. 2) . The results suggest that the periplasmic side of wild-type LacY is closed in the absence of sugar and TDG binding causes opening of a pathway on this side of the molecule. In contrast, the C154G mutation appears to cause constitutive opening of the periplasmic pathway in such a manner that sugar binding has no effect.
Labeling with hydrophilic alkylation reagents
In order to examine the physical nature of the periplasmic pathway, hydrophilic alkylating agents differing in distance between the maleimide and a bulky, hydrophilic head group were tested for reactivity with selected single-Cys. Alexa647M, with distance of ~ 9 Å between the maleimide and the largest, hydrophilic moiety ( Fig. 1b ; Table 1 ), does not label Q241C, Q242C, N245C or F246C (helix VII) in pseudo wild-type LacY in the absence of TDG (Fig. 3a) . However, in the presence of TDG, Alexa647M labels C154V/N245C, C154V/F246C and C154V/Q242C LacY progressively less strongly, while C154V/Q241C LacY is only labeled faintly, if at all, in the presence of TDG (Fig. 3a) . In contrast, in the C154G background, Alexa647M labels the four single-Cys replacements with the same relative intensities in the absence of TDG, and little or no change is observed in the presence of the sugar (Fig. 3a) . A higher concentration of Alexa647M (100 µM) or increased temperatures (22 °C and 37 °C) significantly increases Alexa647M labeling of C154V/Q242C LacY in the presence of TDG, but labeling of C154V/Q241C LacY is still not observed in the presence of TDG under any condition tested (Fig. 4) . Similar results are observed for single-Cys replacements in helix II (Fig. 3b) . Alexa647M does not label C154V/K42C LacY in the absence of TDG, but accessibility/reactivity is increased markedly upon TDG binding. Alexa647M labels C154G/ K42C LacY strongly in the absence or presence of TDG. Essentially no labeling is observed with C154V/F49C or C154G/F49C LacY under any condition tested ( Fig. 3b and Fig. 4 ). Dylight649M ( Fig. 1c ; Table 1) , with a distance of ~ 12 Å between the maleimide and the same bulky, hydrophilic moiety as Alexa647M, does not label Q241C, Q242C, F246C or N245C in the pseudo wild-type background in the absence of TDG (Fig. 3a) . However, the sugar significantly increases labeling of C154V/N245C, C154V/N246C and C154V/Q242C LacY with decreasing intensity, respectively. Furthermore, a higher concentration of the reagent or increased temperature enhances Dylight649M labeling of C154V/Q241C LacY in the presence of TDG (Fig. 4) . In the C154G background, Dylight649M labels each mutant comparably in the absence or in the presence of TDG (Fig. 3a) . Similar results are observed for single-Cys in the helix II (Fig. 3b) . Dylight649Mdoes not label C154V/K42C LacY in the absence of sugar, but TDG binding strongly increases labeling. Dylight649M labels C154G/K42C LacY strongly in the absence of sugar, and perhaps a slight increase is observed in the presence of TDG. With F49C LacY, no significant labeling is observed regard-less of TDG and/or the C154G mutation. However, intense labeling of C154V/F49C LacY is observed with TDG at 100 µM Dylight649M, and labeling is increased progressively at 0 °C, 22 °C and 37 °C, respectively, at 20 µM Dylight649M (Fig. 4) . Alexa488M , with a distance of ~ 16 Å between the maleimide and a smaller hydrophilic moiety relatively similar to TMRM in size ( Fig. 1d; Table 1 ), does not react with the single-Cys replacements in the C154V background in helix VII (N245C, F246C, Q242C and Q241C) or helix II (K42C and F49C) in the absence of sugar, but TDG clearly increases reactivity/ accessibility of each mutant (Fig. 3) . In the C154G background, Alexa488M labels all positions about equally well in the absence and in the presence of TDG (Fig. 3 ).
2-(4′-Maleimidylanilino) naphthalene-6-sulfonic acid, sodium salt (MIANS) with a distance of ~ 12 Å between themaleimide and the hydrophilicmoiety ( Fig. 1e; Table 1 ), has excitation and emission spectra that prohibit direct measurement of Cys reactivity in the available instrument. Therefore, the ability of MIANS to block Alexa488M labeling was determined. In both the pseudo wild-type and C154G backgrounds, MIANS blocks Alexa488M labeling of Q241C, Q242C, N245C and F246C LacY (helix VII; Fig. 3a) , as well as K42C and F49C LacY (helix II; Fig. 3b ). Therefore, it is apparent that MIANS can enter the periplasmic pathway and reach positions as deep as 241 (helix VII) and 49 (helix II).
Discussion
TMRM labeling of single-Cys replacements
In this study, a simple but sensitive alkylation method using fluorescent reagents was utilized to examine the effect of ligand binding and/or the C154G mutation on the reactivity of singleCys replacements. 18 On the cytoplasmic side of the sugar-binding site, TMRM reactivity of single-Cys replacements, Q60C, G64C, L70C, A279C, L329C or V331C in both the pseudo wild-type and C154G LacY backgrounds is decreased in the presence of TDG (Fig. 2) . In contrast, binding of TDG leads to opening of a pathway on the periplasmic side of the sugarbinding site, as reflected by a clear increase in accessibility/reactivity of single-Cys replacements in this region. Furthermore, on the periplasmic side of the sugar-binding site, the C154G mutation clearly causes all the periplasmic positions tested to become highly accessible/ reactive, and TDG binding has little or no effect. Thus, in the C154G mutant, an open periplasmic cleft appears to be present in the absence of sugar, which is not significantly altered by TDG binding. The observations are consistent with other independent lines of evidence, 8, 9 indicating that sugar binding leads to closing of the cytoplasmic cavity in wild-type LacY in a manner that is relatively unaffected by the C154G mutation, while the mutation affects mobility directly on the periplasmic side of the molecule.
Hydrophilic alkylation reagents label periplasmic single-Cys replacements from outside of the membrane
None of the hydrophilic alkylation reagents used here labels any periplasmic single-Cys replacements in pseudo wild-type LacY (K42C, F49C, Q241C, Q242C, N245C or F246C) in the absence of TDG (Fig. 3) , demonstrating that pseudo wild-type LacY is tightly closed on the periplasmic side so that the sugar-binding site is inaccessible from outside the membrane. TDG induces strong labeling at these positions, and Alexa488M labeling is blocked by MIANS (Fig. 3a and b) , indicating that TDG binding opens a hydrophilic periplasmic pathway that renders the sugar-binding site accessible from the outside.
According to the crystal structure, 10 (Fig. 3 and Fig. 4) . Thus, when the periplasmic pathway is open, the maleimide group of Alexa647M or Dylight649M enters the periplasmic pathway and reacts with the Cys thiol group, while the head group of the reagents (~ 21 Å wide) is too big to enter and stays outside at the opening of the periplasmic pathway. Alexa488M strongly labels all the positions, particularly the deeper ones, such as 241 and 49 (Fig. 3) , most likely because the first ring (~ 4 Å long, ~ 5 Å wide) also enters the periplasmic pathway. MIANS is a relatively small hydrophilic reagent with a head group ~ 5 Å wide (Fig. 1b , Table 1 ) and blocks Alexa488M labeling of all positions tested (Fig. 3) . Furthermore, TMRM strongly labels Q241C and Q242C LacY in the presence of TDG at 0 °C (Fig. 2) , and complete TMRM labeling of these mutants totally inhibits the transport activity of these mutants in RSO vesicles (data not shown). Therefore, it is very likely that when ligand binding causes opening of the periplasmic pathway, TMRM modifies deeply placed Cys residues at positions 241 and 242, thereby suggesting that the periplasmic pathway is larger than 14 Å in width. Taken together, the results show clearly that TDG binding induces opening of a hydrophilic periplasmic cleft in wild-type LacY that is sufficiently large to accommodate molecules such as MIANS, as well as TMRM, but not big enough for the head group of either Alexa647M or Dylight649M. Therefore, the periplasmic pathway in wild-type LacY is most likely between ~ 14 Å and ~ 21 Å in width, which is consistent with double electron-electron resonance studies and with the recent observation showing directly that the periplasmic cavity must open to ~ 17 Å for transport to occur. 21 For the periplasmic single-Cys replacements in the C154G background, these hydrophilic reagents label similar positions according to the size of the reagents but, strikingly, they do so in the absence of TDG, and the presence of the sugar has little or no effect (Fig. 3) . Therefore, the C154G mutant apparently occupies a conformation in which the hydrophilic cleft is paralyzed in an open position, while the cytoplasmic cavity remains capable of closing. These results for the C154G mutant are consistent with observations from both the single-molecule fluorescence resonance energy transfer, 8 and double electron-electron resonance data, 9 which also show that sugar binding induces no change in distance on the periplasmic side.
In summary, the data presented here indicate that the predominant population of wild-type LacY in the membrane is predominantly in an inward-facing conformation with a hydrophilic cavity facing the cytoplasm and a potential periplasmic cavity that is tightly closed. Moreover, these cavities reciprocally open and close upon sugar binding. However, the predominant population of the C154G mutant in the membrane exhibits open cytoplasmic, as well as periplasmic cavities, and although the cytoplasmic cavity closes in the presence of sugar, the periplasmic cavity is unaffected. Thus, ligand binding to the C154G mutant is uncoupled with respect to alternative closing and opening of cytoplasmic and periplasmic cavities in wild-type LacY. 20 Since X-ray structures of wild-type and C154G LacY are all in the same inward-facing conformation, it is likely that the crystallization process selects a single conformer of LacY that is in the lowest free energy state. 10, 11, 13 Materials and Methods 
Materials
Plasmid construction
DNA fragments encoding given single-Cys mutants were isolated from plasmids in the library of single-Cys mutations [22] [23] [24] [25] [26] by restriction enzyme digestion and inserted into plasmid pT7-5 encoding Cys-less LacY with either the C154Vor C154G mutation and a biotin acceptor domain (BAD) from a Klebsiella pneumoniae oxaloacetate decarboxylase at the C terminus. 27 All constructs were sequenced for the full length of lacY genes.
Growth of bacteria
E. coli T184 (lacY − Z − ) transformed with plasmid pT7-5 encoding a given mutant were grown aerobically at 37 °C in Luria-Bertani broth containing ampicillin (100 µg/ml). Fully grown cultures were diluted tenfold and grown for 2 h. After induction with 1 mM isopropyl 1-thio-β-D-galactopyranoside for 2 h, cells were harvested and used for the preparation of RSO membrane vesicles.
Preparation of RSO membrane vesicles
RSO membrane vesicles were prepared from 0.8 l cultures of E. coli T184 expressing a specific LacY by treatment with lysozyme/EDTA and osmotic lysis. 28, 29 The vesicles were resuspended to a protein concentration of 10 mg/ml in 100 mM potassium phosphate (KP i , pH 7.5), 10 mM MgSO 4 , frozen in liquid nitrogen and stored at −80 °C.
Fluorescent maleimide labeling
Labeling with TMRM and other fluorescent alkylation reagents was performed following the protocol developed recently. 18 Briefly, RSO membrane vesicles in RSO buffer (0.1 mg of total protein in 50 µl of 100 mM KP i (pH 7.5), 10 mM MgSO 4 ) containing a single-Cys LacY were incubated with 40 µM TMRM or 20 µM Alexa488M, Alexa647M or Dylight649M in the absence or in the presence of 10 mM TDG at 0 °C for 30 min, or 20 sec when indicated. When the concentration of alkylating reagents or temperature was varied, experiments were performed by incubating RSO membrane vesicles with 100 µM Alexa647M or Dylight649M at 0 °C for 30 min, or 20 µM at 0 °C, 22 °C or 37 °C for 30 min. When inhibition of labeling was studied, experiments were performed by incubating RSO membrane vesicles with 20 µM MIANS at 0 °C for 30 min, washing the vesicles with 2 ml ice-cold RSO buffer twice, resuspending in 50 µl of RSO buffer, adding 10 mM TDG to the reaction when indicated, and incubating the vesicles with 20 µM Alexa488M at 0 °C for 30 min. Dithiothreitol was added to 10 mM in all cases to stop the reaction. The membranes were then solubilized in 2% ndodecyl β-D-maltopyranoside and biotinylated LacY was purified with immobilized monomeric avidin Sepharose chromatography. Purified proteins (10 µl out of a total of 50 µl) were subjected to SDS-PAGE (16% (w/v) poly-acrylamide gel). The wet gels were imaged directly on an Amersham Typhoon™ 9410 Workstation (λ ex = 532 nm and λ em = 580 nm for TMRM; λ ex = 633 nm and λ em = 670 nm for Alexa647M and Dylight649M; λ ex = 488 nm and λ em = 526 nm for Alexa488M). The gels were then stained with silver to quantify the proteins. Fluorescent alkylating reagents. The structure of Alexa647M is simulated. Labeling of periplasmic single-Cys replacements by hydrophilic fluorescent reagents. SingleCys replacements at positions 241, 242, 245 and 246 (helix VII) (a), 42 and 49 (helix II) (b) in the C154V or C154G background were labeled with Alexa647M, Dylight649M and Alexa488M. MIANS labeling was performed by inhibiting Alexa488M labeling, as described in Materials and Methods, and shown in the last columns (MIANS-Alexa488M). Fluorescent reagent-labeled (upper panels) and silver-stained (lower panels) bands corresponding to LacY in SDS-PAGE gels were imaged. Higher concentrations of reagent and increased temperature enhance labeling of periplasmic single-Cys replacements in C154V LacY in the presence of TDG. Alexa647M or Dylight649M labeling of C154V/F49C, C154V/Q241C and C154V/Q242C LacY in the presence of TDG was performed for 30 min at 0 °C with 100 µM alkylation reagents, or at 0 °C, 22 °C or 37 °C with 20 µM alkylation reagents. Fluorescent reagent-labeled (upper panels) and silverstained (lower panels) bands corresponding to LacY in SDS-PAGE gels were imaged.
